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1. The regulation of 'K and ICa were studied in single cells isolated from bull-frog atrium using the whole-cell configuration of the patch clamp and a perfused patch pipette.
2. IK was increased approximately 50-100 % and ICa was increased approximately 6-10 times by 1 /LM-isoprenaline, 5 jtM-forskolin, or internal perfusion with 30 ,UMcyclic AMP. The effects of cyclic AMP and isoprenaline were not additive. The shape of the concentration-response curves and the EC50 values for the effects of cyclic AMP on ICa and on IK were very similar (2-3 ,UM for IK and 1-7 /UM for ICa).
3. Elevation of intracellular cyclic AMP had a similar effect on IK regardless of whether ICa was blocked with Cdd2+ or not. Increasing Ica with dihydropyridine Caa2+ channel agonists had no effect on 'K amplitude.
4. Isoprenaline or cyclic AMP caused an increase in the fully-activated IK and also shifted the activation curves to more negative potentials in most cells. The shift in the activation curve was reversible and was also observed when ICa was blocked with Cd2+. The rate of activation ofIK was increased and the rate of deactivation ofIK was slowed by isoprenaline.
5. After breaking the membrane patch and initiating whole-cell recording, IK ran down with time in about 50°% of the cells examined when the intracellular solution contained 1 mM [Mg2+] . In contrast, when the solution contained 0 3 mm [Mg2+], rundown was almost never observed. Internal perfusion with increasing concentrations of [Mg2+] caused reversible decreases in the maximum amplitude of1K and shifted the IK activation curve slightly to more negative potentials, but had negligible effects upon the shape or the curvature of the fully activated current-voltage relationship.
INTRODUCTION
Autonomic neurotransmitters produce their effects on the electrical activity of the heart by modulating several kinds of ionic channels, including ICa' IK, If, Ito and a Na+-selective inward current, as well as the Na+-K+ pump (Hartzell, 1989) . The I. DUCHATELLE-GOURDONAND OTHERS molecular mechanisms by which noradrenaline regulates ICa are relatively well understood and involve cyclic AMP-dependent phosphorylation of the Ca21 channel or a closely associated protein (Reuter, 1983; Tsien, Bean, Hess, Lansman, Nilius & Nowycky, 1986; Hofmann, Nastainczyk, Rohrkasten, Schneider & Sieber, 1987) .
The regulation ofIK' on the other hand, is not as well understood. Studies on both multicellular preparations and isolated cells have demonstrated that /I-adrenergic agonists increase the amplitude of IK (Tsien, Giles & Greengard, 1972; Brown & Noble, 1974; Brown, DiFrancesco & Noble, 1979; Pappano & Carmeliet, 1979; Brown & DiFrancesco, 1980; Noma, Kotake & Irisawa, 1980 ; Kass & Weigers, 1982;  Osterrieder, Brum, Hescheler, Trautwein, Flockerzi & Hofmann, 1982; Brum, Flockerzi, Hofmann, Osterrieder & Trautwein, 1983; Umeno, 1984;  Kameyama, Hofmann & Trautwein, 1985;  Kameyama, Hescheler, Hofmann & Trautwein, 1986;  Bennett, McKinney, Begenisich & Kass, 1986; Carmeliet & Mubagwa, 1986; Bennett & Begenisich, 1987; Walsh, Begenisich & Kass, 1988; . It has been suggested, however, that this apparent increase inIK is at least partly an artifact resulting from stimulation of ICa and subsequent activation of Ca2+_ dependent K+ conductances or stimulation of the Na+-K+ pump resulting in changes in K+ driving force (Brown et al. 1979; Umeno, 1984; Hume, 1985) .
The mechanisms underlying the fl-adrenergic stimulated increase in IK remain unresolved as well. Most investigators find that ,-agonists increase the maximalIK without producing a major shift in its activation curve. A notable exception is the study by Tsien et al. (1972) which reports that ,f-agonists shift the activation curve ofIK approximately 10 mV in the negative direction in calf Purkinje fibres.
Finally, little is known about the transduction systems that are responsible for the effects of fl-agonists on IK. By analogy with the effects of fl-agonists on 'Ca, the simplest hypothesis is that ,-agonists increase IK by a process involving cyclic AMPdependent phosphorylation. This mechanism is supported by the findings that the cyclic nucleotide phosphodiesterase inhibitor theophylline or membrane-permeable derivatives of cylic AMP applied extracellularly increase IK (Tsien et al. 1972; . Furthermore, Osterrieder et al. (1982) , Brum et al. (1983) , and Kameyama et al. (1985 Kameyama et al. ( , 1986 report that internal perfusion of cells with cyclic AMP increases 'K, although detailed analyses were not published. There are some suggestions that IK may be regulated by protein kinase C as well as protein kinase A (Tohse, Kameyama & Irisawa, 1987; Simmons, Creazzo & Hartzell (1986) were used with modifications as described below.
Solutions
The cells were bathed either in bicarbonate-buffered Ringer solution (containing (mM): 103 NaCl, 2 4 KCl, 0'6 Na2HPO4, 24 NaHCO3, 1 8 MgCl2, 1'8 CaCl2, 5 sodium pyruvate, 5 glucose, pH 7 4 with 5% C02-95 % O2) or HEPES-buffered solution (containing (mM): 115 NaCl; 25 KCl; 1P8 CaCl2; 1 MgCl2; 10 HEPES, pH 7 4). INa was blocked with 03 /sM-tetrodotoxin. ICa was blocked with Cd2+ in some experiments, but usually ICa was not blocked, because we wanted to compare the effects of drugs on ICa and IK. The cell was exposed to different extracellular solutions by positioning it in front of one of a series of six Teflon (Clay Adams) capillaries with internal diameters of 250 ,um White & Hartzell (1988) and . Cells were internally perfused with different solutions using the method described by and Fischmeister & Hartzell (1987) .
Dissociation of cells
Cells were dissociated enzymatically from perfused frog (Rana catesbeiana) hearts as described by Hartzell & Simmons (1987) . Hearts were removed from frogs killed by decapitation and double pithing. The hearts were perfused with 1 mg/ml collagenase and 0'5 mg/ml trypsin for 1j h. The atria were removed and dissociated mechanically in the presence of 1-4 mg/ml collagenase and 0-6 mg/ml trypsin. It should be noted that this procedure differs significantly from that published by Simmons et al. (1986) . Electrophysiology IK was measured using the whole-cell configuration of the patch clamp technique (Hamill, Marty, Neher, Sakman & Sigworth, 1981) . Patch clamp electrodes had resistances of 0-8-2-5 MQ. A List EPC-7 amplifier was used for recording cell currents. Total series resistance (including pipette resistance) ranged from 1-5 MQ. In most experiments, the uncompensated series resistance was < 2 MQ. Previous experiments have demonstrated that adequate voltage homogeneity of these cells is achieved .
Voltage steps were made by means of a programmable digital stimulator designed and constructed by Mr William N. Goolsby (Department of Anatomy & Cell Biology, Emory University). Voltage steps were made from a holding potential (EH) to various clamp potentials (EC) followed by a step to a test potential (ET)* The currents flowing in response to these steps are named by the convention: I(E,t), where I is the current flowing at time t after the step to the potential E.
To monitor the effects of drugs, IK was activated about once per minute by a 12 s depolarizing pulse from a holding potential of -80 to 0 mV. The membrane was then repolarized to -50 mV for 10 s in order to measure tail currents before returning to the holding potential. ICa was measured as the peak inward current minus the current at 200 ms, before IKactivated significantly (Simmons et al. 1986) . IK was measured routinely as the net outward current between 200 ms and the fully activated steady-state current at 12 s.
For quantitative analysis, IK activation and current-voltage relationships were determined as previously described with minor modifications (Simmons et al. 1986 Fig. 1 , the cell was superfused with isoprenaline (1 /LM) after the initial period of stabilization. Isoprenaline caused IK to increase to a value 160 % of control and ICa to increase to 500 % of control. In some cells such as this one, ICa exhibited a run-down during exposure to isoprenaline, whereas 'K remained steady. The effects of isoprenaline on both IK and ICa were reversed after the wash-out of isoprenaline by superfusion of the cell with control solution. The effects of isoprenaline on IK are summarized in Table 1 .
It has been proposed that the increase in IK could be due to contamination of IK with IK(ca) which may be activated as a result of the stimulation of ICa by isoprenaline. To test this possibility, the effect of changes in 'Ca amplitude on IK were examined. In Fig. 2A , the effect of isoprenaline on IK was examined when 'Ca was blocked by Cd2+. The cell was first superfused with 100 /uM-Cd2+ to block ICa. This had no effect by itself on IK amplitude, but caused a slight slowing of the activation of the outward current, as can be seen in the current traces ( Fig. 2A, than isoprenaline. In Fig. 3A , forskolin (5 gtM) caused IK to increase to 2 times control and ICa to increase to 9 times control. This effect of forskolin was very similar to the average effect produced by isoprenaline (Table 1) . Superfusing the cell with drug-free solution completely reversed these effects. Internal perfusion of a cell with 30 ,UMcyclic AMP caused similar increases in IK and ICa to that seen with forskolin ( Fig (Fig. 4) . Current amplitudes were expressed as a fraction of the control current in the absence of first perfused internally with 30 /sM-cyclic AMP and subsequently exposed for the period indicated to 1 /tM-isoprenaline. Isoprenaline had no effect on either IK (A) or ICa (U).
the EC50 values were 2-3 + 0-7 ,UM (best-fit parameter + standard error of parameter estimate) for IK and 17 + 11 ,M for ICa. The concentration-response curve for the effect of cyclic AMP on Ica is similar to the one we have reported in frog ventricular cells (White & Hartzell, 1988) . The fact that the concentration-response curves for ICa and I. have very similar shapes suggests that the effects of cyclic AMP involve the same pathways for the two currents.
Another test of the hypothesis that isoprenaline produces its effects via the cyclic AMP pathway is to determine whether the effects of cyclic AMP and isoprenaline are additive. Figure 5 shows that when the cell was perfused internally with 30 /IM-cyclic AMP, superfusion with 1 /SM-isoprenaline had no additional effect on either IK or ICaIt should also be noted that the amplitude of IK in 1 /LM-isoprenaline and 30 ,UMcyclic AMP are statistically the same (Table 1) .
Quantitative analysis ofIK
In order to determine how isoprenaline and cyclic AMP affect IK, we performed a Hodgkin-Huxley analysis of the effects of these agents on IK (Simmons et al. 1986 ). The steady-state activation of IK was determined using a two-step voltage protocol. the maximal tail current and plotted against the conditioning potential. This was repeated in control conditions, in the presence of isoprenaline (1 /M), and with internal perfusion with cyclic AMP (30 /tM). Figure 6 shows a typical experiment with isoprenaline. Application of isoprenaline increased the maximal current evoked at all potentials and also appeared to shift the activation threshold to more negative potentials. In the control traces, a step to 261 A Control -20 mV (star) evoked a very small current and the current tail upon repolarization to -50 mV was only about 10% of the maximum current tail. In contrast, in the presence of isoprenaline, the current tail evoked by the same step from -20 to 50 mV was almost 50 % of the maximal current. The normalized action curve from this cell is shown in Fig. 7A These experiments are difficult to perform, because the voltage protocols take at least 10 min to run, and the cells often deteriorate during the long depolarizations. Although the cells shown here did not noticeably deteriorate during the experiment, we were concerned that the shift in the activation curve could have been due simply to shifts in the activation curve with time. This seems unlikely because no shift in activation was seen in several cells in which the activation protocol was run repetitively. In addition, the shift in the activation curve was reversible in the rare cases where the cells withstood three activation protocols (Fig. 7B) . In Fig. 7B , the cell was first superfused with isoprenaline (@), then with control Ringer solution (U), and finally with isoprenaline again (-). The curves obtained during the two isoprenaline exposures were virtually identical and shifted to the left of the control curve.
In Fig. 7A , ICa was not blocked. Although ICa is completely inactivated after < 200 ms, one could argue that the shift in activation could be due in some way to the presence ofICa This seemed unlikely, because IK activation shifted in some cells even though ICa had run down to negligible levels. Nevertheless, to test this possibility further, ICa was blocked with 100 /tM-Cd2 . Panels B and C of Fig. 7 were both obtained when ICa was blocked and demonstrate that the activation curve was shifted.
Another concern we had was that the shift in the activation curve could have been due to changes in the kinetics of IK activation produced by isoprenaline. Although IK is almost steady state in Fig. 6 , there is a finite slope to the current even at 12 s.
If isoprenaline increases the rate of activation, IK might be more completely activated after 12 s in the presence of isoprenaline and this would appear as a leftward shift in the activation curve. This was tested in several cells using 30 s Ec pulses. The activation curve was shifted even under these conditions.
The shift in the activation curve was observed in most cells, but the magnitude of the shift was variable, as can be seen from Fig. 8 . In Fig. 8A This cell was first exposed to isoprenaline (@), followed by Cd2+ Ringer solution (U), followed again by isoprenaline (A). C, effect of isoprenaline on activation curve in the presence of Cd2+ (*) to block IC. Isoprenaline (@) shifted the activation curve even when IC. was completely blocked with 100 /tM-Cd2+.
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I. DUCHATELLE-GOURDONAND OTHERS internal cyclic AMP. VN was clearly shifted to negative potentials for all the cells in normal Ringer solution. There was considerably more variability for those cells studied in the presence of Cd2+, but the trend was similar. Figure 8B the slope factor seemed to decrease slightly. In Cd2+, however, there was no consistent change. The effect of isoprenaline and cyclic AMP on 1K activation is summarized in Table 1 . The average VN is shifted 7-13 mV to the left by isoprenaline or cyclic AMP in the absence of Cd2+, but the shift in the presence of Cd+ is less.
Fully activated current-voltage relationships were obtained as previously described (Simmons et al. 1986 ). IK was fully activated by a 12 s Ec pulse to + 40 mV and tail currents were elicited by repolarization to ET between + 20 and -120 mV. Figure 9A shows the currents obtained by this protocol in the presence and absence of 1 ,aM-isoprenaline. Figure 9B shows the fully activated current-voltage relationship obtained as described by Simmons et al. (1986 ( + 20, 0, -20, -40, -60, -80, -100 and -120 mV Run-down ofIK and effects of magnesium Figures 1A and 3B showed that the amplitude of IK ran down with time after patch break. This run-down occurred in less than half of the cells we studied under 5 mm-creatine phosphate, 2'6 mM-MgATP, and 1 ,tM-leupeptin in the internal solution. There was no obvious relationship between run-down and the series resistance, cell capacitance, resting membrane potential, or electrode resistance (0-8--2-5 MQ.). It is notable, however, that during IK run-down, there was usually very little change in the amplitude of 'Ca (Figs IA and 3B) . This suggests that IK rundown was not due to wash-out of cyclic AMP from the cell after patch break.
Preliminary experiments suggested that run-down was related to the [Mg2±] The amplitude of IK is very sensitive to [Mg2+], (Fig. 10) . In this cell, the wholecell patch pipette initially contained 0 3 mm [Mg2+] . When the patch was broken, 'K increased with time and finally stabilized after about 12 min. Xhen the internal perfusion was changed to 10 mM [Mg2±] Representative current traces and the voltage protocol from this experiment are shown at the bottom. The inset depicts traces of two of these records (step to 0 mV for both concentrations of Mg'+), generated using different time base and current amplitude, to
show ICa. The amplitude of 'Ca was greater in 0 3 mM-Mg2+, as shown in the activation curve. The scale markers in the inset represent 50 ms and 250 pA. The time course for this experiment is shown in Fig. 10 . An outward leak can be seen in all traces shown here, since no leak subtraction was done. The leak increased slightly when the pipette solution was changed (from 0-3 mM-Mg2+ to 1 mM-Mg2+).
significantly, ICa was relatively stable (except during the initial 10 min, when it increased). Similar changes in IK were observed when 'Ca was blocked with Cd2+.
Increasing [Mg2+]i decreased both the maximum current that could be elicited at + 40 mV and shifted the activation curve to more negative potentials (Fig. 11) . In the fully activated current-voltage relationship was determined as described in Fig. 9 (Fig. 12A ), but had virtually no effect on the shape or rectification of the current (Fig. 12B) .
DISCUSSION
Summary fl-Adrenergic regulation of cardiac ion channels has received considerable attention during the past 10 years. Most of the effort has been expended towards elucidating the mechanisms of regulation of ICa' which is now reasonably well understood. In recent years, several groups have turned their attention to the IK channel, but a number of points remain to be clarified. In this paper, we show that IK in single atrial cells from frog heart is increased when intracellular cyclic AMP is elevated by several different means. The effects of isoprenaline and internal perfusion with cyclic AMP are quantitatively the same: both produce similar increases in IK magnitude, shift the voltage dependence to negative potentials, and increase the slope conductance of the fully activated current-voltage relationship. Furthermore, the concentrationresponse curves for the effect of intracellular cyclic AMP on ICa and IK are virtually identical in shape, even though the magnitude of increase in ICa is larger. Since ICa has been shown rather clearly to be regulated by cyclic AMP-dependent phosphorylation, this supports the hypothesis that IK is also regulated by this mechanism. The fact that isoprenaline increases the potassium current argues that isoprenaline increases either the number of active channels, single-channel conductance, or mean channel open time. Single-channel analysis of IK will be required to determine unambiguously which mechanisms explain the effect of isoprenaline.
IK run-down and effects of magnesium
The run-down of IK that occurs just after patch break seems likely to be due to an effect of [Mg2+]1, because the run-down is seen more frequently with higher [Mg2+] .
There are several possible mechanisms that could explain the Mg2+ effect: a direct effect on the channel or an indirect effect on some regulatory enzyme. We have previously shown that [Mg2+]i alters the amplitude Of ICa in ventricular myocytes to a much greater extent when the Ca2+ channel is phosphorylated than when it is unphosphorylated (White & Hartzell, 1988 Hartzell & Simmons, 1987) . The fact that ICa does not run down after patch break even though IK does (Figs IA and 3B) shows that run-down of IK is not due simply to wash-out of cyclic AMP. Because Ica 269 I. DUCHATELLE-GOURDONAND OTHERS and 1K channels appear to have similar 'sensitivities' to cyclic AMP (Fig. 4) .
Since the calculated pCa in our intracellular solution is greater than 10, it seems unlikely that protein kinase C is active, unless it has been artificially activated (by proteolysis, for example). Thus, it is difficult to explain the Mg2+ effect on the basis of activation of a protein phosphatase.
On the other hand, [Mg2+] might have a direct effect on the channel. This could be due either to the binding of Mg2+ to an allosteric site on the channel that affects channel gating or could be due to a simple blocking of the channel by Mg2+ ions, as has been described for inwardly rectifying K+ channels (see discussion (Fig. 12) . Furthermore, increasing [Mg2+] i not only reduces the outward current but also the inward current through IK channels. This would not be expected if [Mg2+] blocks this channel in the same way that it blocks inwardly rectifying K+ channels. Thus, we prefer the hypothesis that Mg2+ acts on the IK channel by binding to an allosteric site that controls channel gating. More experiments will be required to determine the mechanisms of the Mg2+ effect.
It is clear that there are also regulatory mechanisms that affect ICa without affecting IK. For example, Ica sometimes runs down during exposure to isoprenaline, but IK does not chaiige (Fig. 1A) (Falk & Cohen, 1984; Desilets & Baumgarten, 1988; Shah, Cohen & Rosen, 1988) and that this stimulation might increase the driving force for K+ efflux by reducing the extracellular [K+] and, thus.
increase IK indirectly. Another explanation is that fl-agonists increase ICa' which stimulates a Ca2+-activated K+ conductance (Isenberg, 1977a, b; Goto, Hyodo & Ikeda, 1983 ) that contaminates IK. In support of this suggestion is the finding that blocking 1Ca with D600 blocks the effect of adrenaline on IK in rabbit sino-atrial node (Brown & DiFrancesco, 1980) and that 1 mM-Co2+ reduces the effects of fl-agonists on IK at voltages in the range where ICa is activated (Umeno, 1984) . To test these alternative possibilities, Hume (1985) examined the effects of fl-agonists on IK in isolated frog atrial cells, and found that ,8-agonists had no effect on IK even when 'Ca increased severalfold. Hume (1985) concluded that fl-agonists do not have a direct effect on IK. Our results do not agree with those of Hume (1985) , even though we have used the same preparation. One difference between our methods and Hume's is the recording electrode. We use a system that dialyses the cell interior, whereas Hume used relatively high-resistance pipettes. One could argue that the cell responds to fl-adrenergic agonists only after it has been internally perfused, but this seems unlikely since Brown & Noble (1974) and Umeno (1984) both find fl-adrenergicinduced increases in IK in multicellular preparations of frog atrium. One wonders whether adrenaline, which was used by Hume, might affect both a-and fl-receptors and that a-receptor activation might have opposite effects to fl-receptor activation (Handa, Wagner, Inui, Averesch & Schumann, 1982) or whether the enzymatic dissociation procedure altered the coupling between fl-receptors and IK in some interesting way. Understanding the reason for the difference between our results and Hume's might give us additional clues about how IK is regulated.
We should emphasize that the finding that the effects of isoprenaline on 'K are not dependent upon Cam+ influx in no way implies that 1K is not regulated by Ca2+. Indeed, several recent studies suggest that IK is regulated by Ca2+-dependent protein kinase C (Tohse et al. 1987; .
Voltage dependence of IK Our results are also at odds with most studies which show that isoprenaline has no effect on the voltage dependence of IK We find that the activation of IK is shifted 5-10 mV towards negative potentials by either isoprenaline or cyclic AMP in mnost cells examined. In contrast, for example, in a very nice, detailed study of fiadrenergic regulation of IK in calf cardiac Purkinje fibres by Bennett et al. (1986) , there is no evidence for a shift in the activation curve. The difference in our results and theirs could be a species difference, except that Tsien et al. (1972) also reported a leftward shift the activation of IK in calf Purkinje fibres. We have tried to rule out obvious artificial causes of the shift and think that the conclusion that isoprenaline shifts the activation curve in at least some cells is valid. The reason for the difference between these various results remains to be determined. One possible explanation for the difference lies in internal [Mg2+] . Since increasing [Mg2+] , shifts the activation curve to the left, as does isoprenaline, it is possible that at low [Mg2+] , isoprenaline has a relatively greater effect on the activation curve than it does in high [Mg2+]1.
Thus, the effect of isoprenaline on the activation curve could depend upon the [Mg2+] , concentration in the cells, which might be physiologically regulated. 
